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ABSTRACT  
The influence of a single Mo dopant atom on the CO adsorption on isolated cationic platinum 
clusters in the gas phase, Ptn
+
 (13 ≤ n ≤ 24), has been investigated. The sticking probability of 
the first CO molecule to bare Ptn
+
 clusters is estimated to be close to unity and is not notably 
changed upon Mo doping. The adsorption probability of the second CO molecule, however, 
shows a significant reduction for Ptn−1Mo
+ 
compared to Ptn
+
, reaching a maximal reduction of as 
much as 80% for Pt19Mo
+
. As a result, the average number of CO molecules adsorbed on Ptn
+
 
with 19 ≤ n ≤ 24, and surviving on the time scale of the experiment, decreases by about 10−15% 
upon substitution of a single Pt atom by a single Mo atom. A statistical analysis of the 
unimolecular dissociation of the clusterCO complexes suggests that the lower sticking 
probability for the second CO molecule for Mo-doped species is related to a reduction of the CO 
chemisorption energy. Electron transfer from Mo to Pt resulting in a lowering of the Pt 5d 
vacancies and a downshift of the 5d-center is likely responsible for this reduced CO binding 
energy. 
KEYWORDS: PtMo, doped platinum clusters, direct methanol fuel cell, unimolecular 
dissociation, CO tolerance 
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1. Introduction 
 In the last decades Pt and Pt alloys have been studied extensively as catalysts for proton 
exchange membrane fuel cells (PEMFCs).
1,2
 CO poisoning of the platinum anode in these fuel 
cells is a serious problem and limits their performance. CO, being both a product of intermediate 
reactions and a pollutant in the fuel gas, blocks the active Pt catalytic sites.
3
 The development of 
efficient catalysts requires inhibition of CO adsorption or the capability to oxidize adsorbed CO 
at low potentials. It has been demonstrated that certain Pt alloys, such as Pt-Ru, Pt-Mo, Pt-Nb, 
Pt-W, and Pt-Sn, have an improved CO tolerance.
4-8
 In particular, the Pt-Mo alloy (4:1) shows an 
excellent long term stability and a threefold enhancement in CO tolerance with respect to the Pt-
Ru alloy (1:1) at 100 ppm of CO in H2.
4,9 
 The mechanism of CO tolerance induced by alloying remains a subject of debate.
3,10-12
 The 
anti-poisoning effect was first attributed to a bifunctional mechanism,
3
 while the influence of an 
altered electronic structure upon alloying with a second metal, Me, was believed to be less 
important. According to the bifunctional mechanism, Pt catalyzing centers are released from CO 
groups via reactions between HCO or CO and HO groups situated on neighboring Pt and Me 
atoms, respectively.
3
 Later on, several experimental
5,10,13 
and theoretical
11,12,14
 studies showed 
that electronic effects or ligand effects following alloying are also important. The CO electro-
oxidation potential can be lowered by alloying because the Pt−CO bond strength decreases by 
modification of the electronic structure. Among the many Pt-Me nanostructures that have been 
studied, alloying with Me = Mo, W is theoretically predicted to result in a minimal CO binding 
energy.
14
 Findings aimed to understand the details of CO tolerance are summarized in several 
reviews.
1,2,15,16
  
 Recent experiments on nanoparticles have shown that their catalytic activity increases faster 
with size reduction than the increase of the surface-to-volume ratio.
17
 Composite materials based 
on atomic clusters are emerging as a promising class of novel functional materials for catalysis. 
The properties of clusters, consisting of a few tens of atoms, do not scale with their size, are 
extremely composition sensitive, and can be very different from the properties of their bulk 
counterparts. The addition of a single atom or a single electron can dramatically change the 
physical and chemical properties of metal clusters.
18,19,20
 Fundamental research on clusters in the 
gas phase can be performed under well controlled conditions (fixed temperature, no 
contaminations, no influence of ambient or substrate) and is used to unravel fundamental 
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reaction mechanisms that are relevant for applied catalysis.
21
 The CO chemisorption onto small 
Pt and some doped Pt clusters was studied experimentally
22,23
 and theoretically.
24-28
 Recently, the 
importance of electronic structure effects for CO tolerance enhancement was theoretically 
characterized for small PtnCu (n ≤ 7) clusters and for alloy Pt-Ti clusters up to sizes of 201 
atoms.
29,30
 The effect of composition on the electronic structure in small clusters and the 
consequences for the CO adsorption energy have been illustrated for 13-atom Pt-Au clusters and 
demonstrated the importance of the local environment of the transition metal atom with the CO 
adsorbed.
31
 The enhancement of the CO tolerance in comparison with bulk alloys was 
demonstrated for a number of Pt-Me (Me = Mo, Nb, Ru, Sn, and Ag) clusters and 
nanocrystals.
4,8,9,32-35
 Related, a decrease of the CO adsorption energy on  platinum monolayers 
deposited onto Mo(110), Nb(110) and W(110) were reported in early studies.
36-38
  
In the present paper we characterize the influence of a single Mo dopant atom in small 
cationic platinum clusters on the adsorption of CO molecules.  The adsorption probability of one 
and two CO molecules on bare Ptn
+
 and molybdenum doped Ptn-1Mo
+ 
(13 ≤ n ≤ 24) clusters is 
studied in the gas phase at room temperature. The simultaneous measurement of the reactivity of 
bare and doped clusters allow to quantify the influence of the dopant atom on the adsorption 
probability. The well defined conditions in a gas phase experiment allow to exclude the presence 
of other functional groups (such as OH) and bifunctional mechanisms can thus not take place. 
The observed enhanced CO tolerance upon Mo doping is therefore solely related to changes in 
the electronic structure. Although conditions far from those in real fuel cells are used, the results 
provide relevant fundamental information about phenomena that occur in real devices. 
 
2. Experimental  
 The bare platinum and molybdenum doped platinum cluster cations, Ptn
+
 and Ptn-1Mo
+
, are 
produced by ablation of Pt and Mo targets (99.95% purity) in a laser vaporization source 
operated at room temperature.
39
 The amount of ablated material is controlled by two independent 
pulsed Nd:YAG lasers (532.8 nm, 10 Hz) with pulse energies of about 50 mJ and 90 mJ for Pt 
and Mo, respectively. The He gas (backing pressure 8 bar) is introduced by a pulsed (10 Hz) 
supersonic valve just before laser ablation of the targets. The clusters are thermalized by heat 
exchange with walls of the source via collisions with He carrier gas and adiabatically expand 
into vacuum resulting in a molecular beam of clusters. It is assumed that the temperature of the 
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clusters equals the temperature of the source (i.e., 300K). The validity of this assumption was 
confirmed in earlier work where argon absorption was studied as function of the source 
temperature.
40
 
 The central part of the cluster beam is selected by a conical skimmer. The cluster size 
distribution is analyzed by a reflectron time-of-flight mass spectrometer with mass resolution 
M/ΔM = 600. The attachment of CO molecules to the clusters is studied using a low pressure 
collision cell, which has been discussed in detail elsewhere.
18
 The introduction of CO gas in the 
reaction cell is controlled by a needle valve. The pressure in the cell is monitored by a 
capacitance gauge (Varian CMH4) and was maintained in the range of 1−610−2 Pa. The 
experiments are carried out at room temperature. Under these conditions, cluster−CO complexes, 
[Ptn∙(CO)m]
+
 and [Ptn-1Mo∙(CO)m]
+
, with m ≤ 2 for n ≤ 24 are observed. For CO pressures larger 
than 610−2 Pa, m = 3 complexes are formed and there is a significant overlap of species in the 
mass spectra.  
 
3. Results and discussion 
 
3.1 Data evaluation 
A typical mass spectrum of Ptn
+ 
and Ptn-1Mo
+
 (18 ≤ n ≤ 22) clusters that have reacted with 
CO in the low pressure collision cell is shown in Fig. 1. From comparison of bare platinum and 
molybdenum doped platinum mass spectra, we are confident that no (or very few) PtnMom
+ 
with 
m ≥ 2 clusters are produced under these experimental conditions. However, small traces of 
atomic oxygen on both Ptn
+ 
and Ptn-1Mo
+
, stemming from the Mo target and impurities in the 
carrier gas, are detectable for the smallest investigated cluster sizes. The contamination is lower 
for larger clusters and shows up as small, hardly noticeable, shoulders. In the reactivity analysis 
the abundances were corrected for the presence of these contaminants.  
At a pressure as low as 510-2 Pa, corresponding to an average of about 0.75 collisions 
experienced by each cluster passing through the cell, clusters with n = 13−24 readily form CO 
complexes. Ptn
+ 
and Ptn-1Mo
+
, with n = 16−24, also form a significant fraction of (CO)2 
complexes. As can be seen in Fig. 1 the intensity ratios of [Ptn∙CO]
+
 to Ptn
+
 and of [Ptn-1Mo∙CO]
+
 
to Ptn-1Mo
+ 
are comparable, while the intensity ratio of [Ptn∙(CO)2]
+
 to Ptn
+
 is higher than that of 
[Ptn-1Mo∙(CO)2]
+
 to Ptn-1Mo
+
 for 18 ≤ n ≤ 22. Especially Pt19Mo
+ 
and Pt20Mo
+
 show a local 
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minimum for (CO)2 adsorption. These mass spectrometric observations are the basis for the later 
conclusions of the current study.   
Passing through the collision cell at a certain CO pressure PCO, a cluster experiences an 
average number of collisions, N, that can be approximated using hard sphere collision theory: 
cluster
relative
B
cell
v
v
Tk
P
LN
CO
CO     (1) 
where Lcell = 6 cm is the length of the collision cell, TCO is the CO gas temperature in the reaction 
cell which is assumed to be 300 K, and kB is the Boltzman constant. vrelative/vcluster is the ratio of 
the average relative cluster−CO velocity to the absolute velocity of the cluster and is equal to 
1.08 at 300 K. The direction of the velocity of the CO molecules is random and their speed can 
be modeled by a Boltzmann distribution. The vrelative/vcluster ratio was derived by averaging the 
direction and magnitude distribution of the velocity of the CO molecules, relative to the fixed 
velocity (~1100 m/s) of the clusters. The collision cross section σ can be approximated by a hard-
sphere model: 
2( )CO nR R        (2) 
A cluster consisting of n atoms is assumed to have a radius  and the same 
density as the bulk (atomic radius of Pt =1.387 Å).
41
 The constant d accounts for the deviation 
from a perfect spherical shape. A typical value of 0.5 Å was used. RCO, representing the radius of 
a CO molecule, was set to 1.9 Å. This geometrical model for Ptn
+
 is a rough approximation, 
since the real structure of these clusters are not expected to be perfect spheres. For neutral Ptn in 
the range n = 1020 layered and pyramidal structures are predicted, while decahedral isomers are 
favorable for n = 2124.27,42 A systematic uncertainty could originate from an over- or 
underestimation of bond lengths (periodic lattice in bulk versus bond distances in small clusters), 
while a statistical uncertainty could be related to size-to-size variations in the geometric structure 
of the clusters, which are ignored in the spherical approximation. The statistical uncertainty can 
be approximated by variations of the cross sections for different Ptn isomers at given size n, 
which is about 10%.
27
 As a result size-to-size or dopant induced variations of the CO sticking 
probability up to 10% could originate from size-to-size or dopant induced deviations of the 
actual cross section relative to the assumed cross section using a spherical geometry. As we will 
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show below, larger changes of the CO sticking probabilities following Mo doping are found in 
the current study, which will be attributed to CO binding energy changes.  
 In bulk Pt-Mo (1:3) alloys the Pt−Mo bond lengths are ~2.756 Å, which is close to the Pt−Pt 
bond length in fcc platinum.
43
 Therefore, the radii of Ptn-1Mo
+
 clusters can be assumed to be 
similar to those of Ptn
+
.  
 The reactivity measurements were performed in the CO pressure range of 1−610-2 Pa, 
corresponding to average ranges of 0.15−0.90 collisions for Pt13 to 0.19−1.15 collisions for Pt24. 
Since the number of collisions follows a Poisson distribution, an average number of collisions 
equal to 0.5 implies that about 60% of the clusters have no collisions, 30% one collision, 8% two 
collisions, and 1% three or more collisions.  
 No Ptn,n-1Mo0,1
+∙(CO)k (k > 2) species were observed under the applied pressure and 
temperature conditions; the probability of the formation of complexes with 3 CO molecules is 
therefore assumed to be zero. The simplest reaction mechanism, considering only CO 
attachment, is thus:  
  
     






21,01,1,01,
1,01,1,01,
COMoPt  COCOMoPt
COMoPt  COMoPt
2
1
nn
S
nn
nn
S
nn
    (3) 
 Here, S1 and S2 are probabilities for successful adsorption, or sticking probability, of one 
and two CO molecules onto a cluster, respectively. These sticking probabilities S1 and S2 reflect 
the probability that cluster−(CO)1,2 complexes are formed in the reaction cell and survive until 
detection. The attachment reactions of Eq. (3) are actually the net result of association and 
desorption reaction steps.  Indeed, CO desorption (or statistical cluster−(CO)1,2 dissociation) can 
take place when the internal energy is higher than the desorption barrier. Formally both 
association (4a) and dissociation (4b) reaction steps should be considered inside the reaction cell, 
while outside the cell only dissociation (4b) is possible:
 18
 
     COMoPt  COMoPt 1,01,1,01, nn
k
nn
f
    (4a) 
    COMoPt  COMoPt 1,01,1,01,   nn
k
nn
d
    (4b) 
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Here, kf is the bimolecular rate coefficient for formation of cluster−CO complexes and kd is the 
unimolecular dissociation rate coefficient. Mechanisms taking into account the back reaction 
within and outside the collision cell did not improve the description of the data, probably because 
of the low pressure range used in this experiment corresponding to less than one collision per 
cluster on average and we therefore continue with the overall mechanism described in Eq. 3. The 
role of the back reaction will however be detailed further in section 3.2.  
 The reactions of Eq. (3) are first order with respect to the reactants. Since there is a continuous 
flow of CO gas in the reaction cell and only a negligible fraction of it is consumed, there is an 
excess of CO gas. Consequently, the pseudo-first-order conditions are satisfied for the overall 
reaction and the intensities of the bare clusters, I0, and of the cluster−(CO)k complexes, Ik 
(k = 1,2), should vary with N, the average number of collisions as:  
0
0 1
0 1
1 1
0 1 1 2 1 2 1
1 2
2 2 0 1
1 2
exp( )
(exp( ) exp( ))
1
i
i
dI
I S
I I S NdN
dI S
I S I S I I S N S N
dN S S
dI I I II S
dN

    
 
 
       
 
    
 ,   (5) 
with Ii the intensity of the bare cluster before passing through the low pressure collision cell.  
The measured intensities, Ik, may slightly differ from the corresponding intensities at the end of 
the reaction cell because the clusters are scattered by collisions with the CO molecules. This may 
cause deflection of clusters out of the collimated molecular beam and, thus, out of the detection 
region.
19,20
 However, since the fraction of deflected clusters is below 5% at the maximal applied 
pressure and deflection affects both the intensities of the reacted and the bare clusters (after 
backward reaction), and has less influence on their ratio, no correction was made for this. 
 A typical example of the dependence of the relative abundances, Ik/Ii (k = 0−2), on N is 
illustrated in Fig. 2 for Pt20
+
 and Pt19Mo
+
. Fitting of the experimental values by the pseudo first 
order kinetics model (5), provides the CO sticking probabilities S1 and S2.  
 The derived S1 and S2 values are given in Fig. 3. The error bars represent the uncertainties that 
result from the fitting combined with a 10% uncertainty on the average number of collisions, N.  
The sticking probabilities of the first CO molecule on bare Ptn
+
 are nearly constant and close to 
unity in the considered size range, n = 13−24, while S2 demonstrates a monotonic growth with 
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cluster size in addition to an even-odd oscillation for n = 18−22 (Fig. 3a). Cluster cations Ptn
+
 
with even n have a slightly lower CO adsorption probability. Considering an itinerant electron 
model for atomic clusters such oscillation is usually associated with filling of electronic sub-
shells.
19 
Upon Mo doping the sticking probability for the first CO molecule, S1, does not notably 
change and remains close to unity. Meanwhile the adsorption probability of the second CO 
molecule, S2, is significantly reduced for the Mo doped clusters (Fig. 3a). 
 
 
3.2 Presence of a back reaction 
 The reaction mechanism described by Eq (3) is the simplest mechanism that agrees with the 
experimental data. However, unimolecular dissociation of the clusterCO complexes, Eq (4b), 
can take place as mentioned above. More complex processes, e.g., cluster fragmentation via the 
loss of a Pt atom, did not improve the fit quality. Pt evaporation following on the CO adsorption 
is unlikely because the cohesive energy per Pt atom in a Ptn cluster is higher than the CO 
adsorption energy. Typical Pt binding energies in Ptn clusters are 2.65 eV for n = 10
44
 and 
3.53.88 eV for n = 610,45 while calculated CO adsorption energies on Ptn clusters are 
2.212.73 eV for Pt6,
24
 2.302.36 eV (for atop site) and 1.491.95 eV (for bridge site) for Pt10.
41
 
The absence of the fragmentation channel upon CO adsorption was also found previously for 
anions.
46 
In the current experiments CO desorption takes place as is reflected by the increase of S2 with 
cluster size, which in turn is related to the limited possibility to accommodate the heat of 
formation in small clusters.
18
 The number of degrees of freedom, among which the energy can be 
distributed, increases with increasing cluster size. Thus, for a fixed CO chemisorption energy, 
the survival time of the cluster−molecule complex increases with cluster size. The survival time 
(which is the inverse of the unimolecular dissociation rate, kd) is directly related to the sticking 
probability. The sticking probability is in essence a combination of CO absorption and survival 
of the cluster−CO complex on the time scale of the experiment (t 100 s). Roughly stated 
S  exp(-kdt), which means that S  1 (values found experimentally for S1) implies kd <<10
4 
s
-1
, 
and the range of S = 0.10.5 (values found for S2 in the n = 1723 size range) corresponds to kd = 
21047103 s-1.   
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3.3 Statistical modelling of the reaction 
 
 The rate of the back reaction, and thus of the experimentally derived S1,2 values, is related to 
the (CO)1,2 binding energies. To illustrate the dependence of kd on the CO chemisorption energy, 
Eb, a statistical RRKM analysis is carried out.  
 Unimolecular dissociation rates of the cluster−CO complexes are calculated using the 
MassKinetics software package.
47
 As input for the RRKM analysis, the frequencies of the Pt 
clusters are approximated by a discrete Debye model.
48
 The translational energy of the cluster 
was not included in the analysis, since the speed of the clusters remains basically unchanged 
after collision with the CO gas and is thus not available for the backward reaction. When 
modelling the detachment of the second CO molecule it was assumed that the first CO was 
bound by 2.75 eV.  
 This value is taken from a theoretical calculation of the CO chemisorption energies on Pt 
clusters, which gave values of 2.73 eV and 2.21 eV for the first and second CO molecule on Pt6, 
respectively.
24
 If kd is lower than 1x10
4
 s
-1
, the complexes are (on average) stable at the time 
scale of the experiment. While this simple model does not capture any details of the electronic 
and geometric structure, it reflects the role of the cluster size to accommodate the released heat 
upon complex formation.  
 As an example Fig. 4 shows the dependence of kd on the CO chemisorption energy for 
Pt13∙(CO)k and Pt18∙(CO)k with k = 1, 2. It can be seen that for a given Eb the larger cluster has a 
lower kd (or a longer lifetime). It can also be observed that the survival times of the 
cluster(CO)2 complexes are lower than those of the clusters that absorbed only one CO 
molecule. This is because those clusters are already heated up by the absorption of the first CO. 
The numerical values hint that our experimental approach is sensitive to binding energy changes 
for the (CO)2 complexes since these are predicted to have kd values in the range corresponding to 
the time scale of the experiment (horizontal dotted line in Fig. 4), while the experimental 
approach likely is not sensitive to small changes in the binding energy of the first CO molecule. 
 
3.4 CO tolerance induced by doping  
 The results of the RRKM analysis facilitate the interpretation of the experimental data. We 
indeed observed a strong size and dopant dependence for S2 but not for S1 (Fig. 3a). This reflects 
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the fact that the survival times of the [Ptn,n-1Mo0,1∙(CO)2]
+
 and [Ptn,n-1Mo0,1∙(CO)]
+
  complexes are 
comparable to and longer than the time scale of the experiment, respectively. S1 is about 0.9−1.0 
for n ≥ 13, which is in good agreement with the value of 0.85, measured by Campbell et al. for a 
bulk Pt(111) surface at room temperature.
46
 Also the current experiments are done with the 
cluster source at room temperature. But quantitative comparison of the temperature dependent 
sticking probabilities should be done with care since the exact temperature of the clusters 
depends the degree of thermalization, which is sensitive to source parameters such as ablation 
laser fluence and the geometry of the nozzle.  
 Because the heat of formation should be accommodated in the cluster−CO complex, the 
sticking probability decreases with increasing cluster temperature.
20
 It should be noted that after 
the adsorption of the first CO molecule the temperature of different cluster sizes may be slightly 
different. Comparing the pure and Mo doped platinum clusters, the Mo doped clusters are 
expected to be slightly colder after attachment of the first CO molecule because of likely 
reduction in the binding energy upon doping.
13
  
 Since the Ptn
+
 and Ptn-1Mo
+
 clusters are produced under the same source conditions (except for 
the above remark on the temperature after the absorption of the first CO molecule), the changes 
of S1 and S2 upon doping allow to qualitatively characterize the effect of Mo doping on CO 
tolerance of platinum clusters. In particular, the decrease of S2 upon doping the Ptn
+
 cluster with 
Mo (Fig. 3a), is a reflection of the reduced CO chemisorption energy, Eb.  
 The average number of CO molecules absorbed on a given cluster size is calculated from the 
integrated abundances as 
       22 COCOCOCOCO 2   nnnnn XXXXXn IIIIIXM ,  (6) 
and plotted in Fig. 3b.  MCO decreases by 10−15% for 19 ≤ n ≤ 24 upon substitution of a 
platinum atom by a molybdenum atom. A local minimum of CO adsorption is observed for 
Pt19Mo
+
. The strong size dependence of the influence of the dopant atom on size is illustrated in 
Fig. 3c that shows the ratio of S2 values of Mo-doped vs. pure Pt clusters. In particular, S2 of 
Pt19Mo
+
 is 80% than that of Pt20
+
. For Ptn
+
 clusters with 13 ≤ n ≤ 16 no significant change of the 
CO adsorption probability following Mo doping is observed.  
 The CO chemisorption on Pt is traditionally described by the Blyholder model. The bonding is 
a combination of electron donation from the 5σ-orbital of CO to the 5d-band of Pt, and back 
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donation of 5d electrons of Pt to the two π* antibonding orbitals of CO.9,50,51 Ray and Anderson52 
have found that the effect of 5σ-orbital stabilization of CO is the main factor responsible for the 
bond strength with the amount of charge transfer from the CO 5σ-orbital to the Pt 5d-band 
playing a major role. It was also found that the charge redistribution upon doping nanoparticles 
may be accompanied by a shift of the center of the Pt 5d-band position, which is the most 
decisive parameter for the CO chemisorption energy.
30
 More general, it has been shown that the 
center of the d-band relative to the Fermi energy plays a key role in the reactivity of transition 
metals in different environments with increasing adsorption energies as the d-band center shifts 
to higher energies.
52
 In few-atom clusters, the molecular orbitals are energetically separated and 
no bands are formed. Conceptually, however, similar dopant induced changes of the electronic 
structures are predicted. In particular, the adsorption energy of CO on a Pt site in 13-atom Pt-Au 
clusters was shown to decrease with the Au content in the cluster.
31
 The local environment of the 
adsorption site (preferentially a Pt atom) determines the properties of the PtCO bond. Upon 
alloying the Pt13 clusters with Au, the d-center, which is calculated as the first moment of the 
density of states of the projected d-orbitals with respect to the Fermi level at the adsorption site, 
shifts to lower energies resulting in a lower CO adsorption energy.  
 Analogous conclusions were obtained in a theoretical study of 201-atom Pt-Ti alloy clusters: 
electron donation from Ti to the Pt d-orbitals downshifts in Pt 5d-center, with weaker CO 
binding as a consequence.
30
 In larger Pt-Mo (~3−4 nm)12 and Pt-Au (~1.5−3 nm)54 alloy particles 
an electron transfer from Mo/Au to Pt associated with a decrease of electron vacancies in the 
atomic Pt 5d levels and a lowering of the Pt 5d-center is consistent with experimental XANES 
spectra where a decrease of the LIII – edge peak was found in comparison with pure Pt particles. 
 Our experiments (Fig. 3b) show that the CO abundance per Ptn
+
 cluster is remarkably 
decreased (10-15%, depending on size) in the 19 ≤ n ≤ 24 size range upon substitution of a single 
platinum atom by a molybdenum atom, whereas for sizes 13 ≤ n ≤ 16 there is no significant 
change. We speculate that the larger Ptn
+
 clusters may have a caged structure accommodating the 
Mo atom. The encapsulated Mo atom could more effectively change Pt−Mo and Pt−Pt 
interatomic distances and enhance hybridization of electronic orbitals, making the charge transfer 
easier. There exist theoretical predictions of an empty caged structure for Pt22,
23
 but doped 
platinum clusters with more than 13 atoms still remain poorly studied.  
 As the theoretical studies about the local molecular orbital overlap and binding energies at 
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different adsorption sites are not available in literature neither for bare Ptn
+
 nor for doped 
Ptn−1Mo
+
 clusters, only a conceptual interpretation of the data can be given. In particular, at small 
pressures the CO is preferably adsorbed onto Ptn
+
 clusters by binding the carbon atom in atop-
sites.
22
 Earlier temperature programmed CO desorption measurements onto thin film Pt/Mo(110) 
showed that the Mo atom can decrease the CO−Pt binding energy only for 1-2 monolayers of 
Pt.
36
 Similarly, the decrease of the CO adsorption energy on Pt atoms in the Ptn-1Mo
+
 clusters is 
expected to depend on the Mo coordination number. 
4. Conclusions 
 We have investigated the influence of a single Mo dopant atom on the tolerance of small 
platinum clusters Ptn
+
 (13 ≤ n ≤ 24) towards CO poisoning using a low pressure collision cell. 
While for the smaller sizes studied, Ptn
+
 with 13 ≤ n ≤ 18, no significant change in the CO 
tolerance was observed, the average number of absorbed CO molecules on the larger 
(19 ≤ n ≤ 24) clusters decreased by 10−15% upon the substitution of a single platinum atom by a 
single molybdenum atom. The sticking probability for the first CO molecule S1 did not notably 
change upon doping and is close to unity under the current experimental conditions. Meanwhile 
the adsorption probability of the second CO molecule S2 is significantly reduced upon doping, 
with a maximal decrease of the relative sticking probability of 80% for Pt19Mo
+
. RRKM analysis 
showed that this reduction is a reflection of a reduction of the CO chemisorption energy upon 
doping the clusters.  
 Our experiments suggest that the reduction of CO adsorption energies is due to dopant induced 
changes of the local electronic structure at the Pt absorption site. The alternative explanation that 
dopant induced structural changes cause a reduction of the CO binding energy is unlikely 
because the tolerance is observed over a large size range. Such dopant induced reduction of the 
CO chemisorption energy is an important factor to improve the CO tolerance of Ptn catalysts. As 
even single atom doping remarkably changes the tolerance, it can be expected that increasing the 
Mo content in the Ptn clusters could lead to a further enhancement of CO tolerance. 
 Under the current experimental conditions, bifunctional mechanisms where the Pt catalyzing 
centers are released from CO groups via reactions between HCO or CO and HO groups situated 
on neighboring Pt and dopant atoms, are not possible. The small traces of oxygen atoms detected 
in our experiment are much smaller than concentrations of adsorbed CO. However, in real 
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PEMFC conditions one could expect that cluster-based Pt-Mo catalysts should follow a 
bifunctional mechanism to clean the Pt. Indeed, although reduced, the doped clusters still show 
CO adsorption and a supplementary mechanism is required to get rid of the CO.  
We hope that the present experimental results will inspire further computational studies on 
dopant induced changes of the electronic structure of small platinum clusters.  
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Fig. 1 Mass spectrum of Ptn
+ 
and Ptn-1Mo
+
 (18 ≤ n ≤ 22) clusters that have reacted with CO in the 
low pressure collision cell at a CO pressure of 510-2 Pa. Signal is colored to visualize 
differences in intensity ratios of reacted to unreacted clusters upon Mo doping: Ptn
+
 (light blue), 
[Ptn∙CO]
+
 (dark blue), [Ptn∙(CO)2]
+
 (orange), Ptn-1Mo
+ 
(green), [Ptn-1Mo∙CO]
+
 (yellow), and [Ptn-
1Mo∙(CO)2]
+
 (red). 
Fig. 2 Relative abundances of Pt20
+
 and Pt19Mo
+
 clusters and their CO complexes as function of 
the average number of collisions between the clusters and CO. The lines are fits using Eq. (4). 
Fig. 3 Absorption probability for the first (S1) and second (S2) CO molecule on Ptn
+
 and Ptn-1Mo
+
 
clusters (a). Average number of CO molecules absorbed on the clusters (MCO) as function of the 
cluster size for a CO pressure of 610-2 Pa (b). The ratios of CO adsorption probabilities onto 
bare and Mo doped platinum clusters Sn(doped)/Sn(bare), n=1,2 (c). 
Fig. 4 Dependence of the unimolecular dissociation rate, kd, of Pt13∙(CO)k and Pt18∙(CO)k for 
k = 1, 2 on the CO chemisorption energy employing RRKM theory. For k = 2 the chemisorption 
energy of the first CO molecule was assumed to be Eb = 2.75 eV. kd values smaller than 10
4
 s
-1
 
(indicated by the horizontal dotted line) imply that most cluster−CO complexes survive on the 
time scale of the experiment. 
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